ABSTRACT CsBr/Cr photocathodes were found [1, 2] to meet the requirements of a multi-electron beam lithography system operating with a light energy of 4.8 eV (257nm). The fact that photoemission was observed with a light energy below the reported 7.3 eV band gap for CsBr was not understood. This paper presents experimental results on the presence of intra-band gap absorption sites (IBAS) in CsBr thin film photo electron emitters, and presents a model based on IBAS to explain the observed photoelectron emission behavior at energies below band gap. A fluorescence band centered at 330 nm with a FWHM of about 0.34 eV was observed in CsBr/Cr samples under 257 nm laser illumination which can be attributed to IBAS and agrees well with previously obtained synchrotron photoelectron spectra[1] from the valence band of CsBr films.
axis sapphire substrates about 1cm x 1cm x 0.5 mm were patterned with an array of 15 um wide 80 nm thick Cr bars. The patterned sapphire substrates were cleaned and then e-beam evaporated with a 5 nm thick Cr film. They were subsequently coated at ~1x10E-9 torr with a 15 nm film of CsBr utilizing an MBE-Komponenten effusion cell at ~ 400 o C.
III. Experimental Results of light transmission through the CsBr Film
The CsBr film was irradiated with 257 nm laser light at powers ranging from 10-40 mW with an optical system shown in Fig. 1A at a vacuum pressure < 10 -10 torr. The laser beam was expanded and focused on the CsBr films to a 1.5 micron spot with a quartz UV lens resulting in an inferred photo current density greater than 100 A/cm 2 . The UV transmitted light thru the CsBr film was measured simultaneously with the generated photocurrent. Only a portion of the transmitted light is collected by the detector because the beam spreads after focusing on the sample by the lens and no lens is utilized in front of the detector as shown in Fig 1A. The results presented in Fig 1B indicate the correlation between the transmitted light and the incident laser power on the film. We observe from the figure that the ratio of the transmitted light to the incident light decreases with increasing laser power. This ratio indicates the opacity or increased absorption induced in the films by the IBAS formation.
Furthermore, Fig. 1C indicates the correlation between the photoelectron yield and the light transmission in the film which is consistent with IBAS formation: The photoelectron yield increases when the light transmission decreases and vice versa. Color center bands in CsBr which may be related to the observed light absorption have been reported [5] in the past and are investigated in this paper.
IV. Experimental results utilizing fluorescence from the CsBr film
The goal of these experiments is to detect the fluorescence caused by electronic transitions amongst IBAS (that may already be present, induced or populated by the 257nm radiation) in the CsBr film.
Using the system described below, we have identified a fluorescence band around 330 nm in CsBr which can explain the observed photoemission at incident light energies below the band gap.
An Ocean Optics Model 2000 spectrophotometer was utilized to detect the fluorescence from the IBAS as shown in Fig. 2A and a series of experiments were performed with the CsBr sample both in the reflection and transmission modes described in Figs. 2B & 2C. In the reflection mode, the 15 nm CsBr film is illuminated with the 257nm laser focused through the CsBr film on one of the 15 um wide Cr bars located under the film. The reflected light from the Cr bar travels back through the CsBr film and the focusing lens as shown in Fig. 2A and is detected by the spectrophotometer. In the transmission mode, the CsBr sample is turned over and illuminated through the sapphire substrate plate between two Cr bars as shown in Fig. 2C . The fluorescence signal developed in the CsBr film is detected through the focusing lens as shown in Fig. 2A .
Due to dispersion in the focusing UV quartz lens, the focal length is wavelength dependent.
Therefore, the focal plane of the incident 257nm light differs from the focal plane of the fluorescent signal developed in the film. Since the reflected 257nm signal is developed at the focal plane, the focused 257nm beam reflected from the Cr bar and transmitted back through the focusing lens is collimated when it reaches the optic fiber. However, any fluorescent beam at a wavelength different than 257nm is not collimated (diverges) on the optic fiber when the incident 257nm beam is focused on the film. To maximize the fluorescent signal, the focusing lens is moved away from the film enough to correct for the focal distance difference at the fluorescence wavelength. However, this causes the 257nm incident beam to be out of focus on the CsBr film. This effect is not too important since the goal of the experiment is to detect the fluorescence signal. In future experiments, we plan to correct for this effect with an auxiliary lens located after the 257nm mirror shown in Fig 2A. This arrangement can allow independent foci for the 257nm and the fluorescence signal.
Experiments in the Reflection Mode
In these experiments, the cathode is illuminated in the reflection mode as shown in Fig 2B. The 257nm light illuminates the CsBr film from the same side as the electrons are collected. The effective thickness of the CsBr film is 2X in this mode since the light is reflected back into the film by the Cr bars deposited on the sapphire substrate. This mode of operation was chosen for the first experiments because it can increase the total absorption of 257nm light, and therefore the IBAS fluorescence signal relative to the transmission mode. However, the fluorescence signal was also observed in the transmission mode as shown below with good signal to noise ratio. To improve the fluorescence signal to noise ratio, the spectrometer's detector is located behind the final projection lens as shown in Fig.   2A . Due to the lens collimation effect described above, this arrangement enables us to collect the fluorescence light from a larger solid angle by defocusing the final UV lens as mentioned above.
Results obtained with the laser beam focused on the CsBr film did not produce a strong fluorescence signal. Due to optical system losses, the actual 257nm light reaching the CsBr was about 50% less than the output laser power. At 60 mW output laser power, the spectrum indicated the presence of three peaks: a sharp peak at 257nm, and two broad peaks at 280nm and 480nm. A very small extra peak at ~330nm was buried in the noise as shown in Fig. 3A . The 280nm and 480 nm peaks were identified as fluorescence peaks emanating mainly from the quartz optic fiber.
If the final objective lens is moved away from the sample by about 1mm to get closer to the focal plane of the fluorescence signal, a new peak at ~330nm appears shown in Fig. 3B with FWHM of about 0.34 eV . Calculations of the expected shift of the focal plane from 257nm to 330 nm for the fused silica SDT UV lens indicate a value of 1.88 mm..
To confirm the generation of the fluorescence peak from the sample, we measured the behavior of the four peaks varying the lens distance to the sample. The normalized peak areas of 257nm, 280nm
and 480nm followed each other (oscillating) as the lens is moving away from the sample as shown in Fig. 3C . Detecting the signal directly with the spectrophotometer without the optic fiber it was found that the 280nm and 480nm peaks were generated mainly by the 257nm radiation on the optical fiber.
On the other hand, the peak intensity at 330nm increased monotonically within the maximum range of defocusing as shown in Fig. 3C . This shows that the 330nm peak is not generated by fluorescence from the optical components in the optical path away from the focusing lens, but emanates from the sample.
Normalizing the 334nm signal to the input laser power as shown in Fig. 4A , it is possible to obtain a relative quantity for the efficiency of production of the 334nm signal. This is equivalent to the efficiency of creating or populating IBAS by the 257nm incident beam.
It appears from Fig torr burst is shown in Fig.5D .
From the intensity profiles we conclude that surface contamination was localized at the activated region, the unactivated region was not affected by the pressure burst. The activated surface is more vulnerable than the unactivated surface, probably due to photolysis caused by the UV radiation and contamination of the Cs rich area of the illuminated spot by the reaction by-products. The data indicate that after the sample was exposed to a 3 x 10 -8 torr burst, the photoelectron yield dropped from 130nA/mW to 110nA/mW. After the vacuum recovered, the photoelectron yield also recovered which is consistent with UV light surface cleaning by photolysis. However, there was very little change on the intensity of the 330 nm fluorescence signal with exposure to high pressure. This indicates that the IBAS fluorescence centers are not affected by the pressure jump and they may be localized in the bulk away from the surface. The fact that the normalized fluorescence yield does not change very much with power in both low and high pressure cases agrees well with previous data.
Correlation between Photoelectron yield and 330nm peak
The correlation of the photoelectron yield with the 330nm peak during operation is shown in The effect of heating the CsBr sample from room temperature to about 90 o C is shown in Fig. 6B .
The correlation between the photo current and the amplitude of the 330nm peak with increasing temperature is shown. There seems to be some sort of transition around 50 o C which is not understood.
This may be related to some change in the material, and more work is needed to understand this behavior.
V. Model for photoemission
There are two mechanisms that contribute to the photoemission in CsBr. First, is the absorption of the 4.8 eV photons (257 nm) by the IBAS around 3.75 eV shown in Fig. 6C . Electrons occupying those states can acquire enough energy to reach the surface of the CsBr film. The second mechanism is the lowering of the work function by the migration of Cs to the surface. Experiments to substantiate a Cs rich surface after irradiation at 257nm were already reported [1] . This mechanism was shown to be time dependent and its effectiveness is subject to degradation by contaminants in the vacuum system. The presence of oxygen appears to affect the lowering of the work function perhaps by disturbing a Cs dipole layer on the surface. It was observed during the pressure experiments, that the contamination due to photolysis by the UV radiation is local to the irradiated spot, and adjacent spots are not affected. These phenomena can be utilized to increase the lifetime of a large area CsBr photocathode by utilizing adjacent spots after degradation. It is also possible to utilize photolysis with UV irradiation to clean and rejuvenate a CsBr photocathode exposed to air for a short time.
The experimental results shown in 
VI. Summary
We have observed a fluorescence band in CsBr films around 330 nm (~3.8 eV) with a FWHM of 30 nm (~0.34 eV). Assuming an energy gap in CsBr of about 7.3 eV, the presence of IBAS of about 3.8 eV may allow photoelectrons to reach and leave the Cs rich activated surface when irradiated with 257nm (4.8 eV) UV light. The IBAS appear to be in the "bulk" of the 15 nm film, and are not affected appreciably by surface contamination. It is not possible to infer from the data if the IBAS were created by the UV radiation or were already present in the CsBr films. More work is needed to clarify this issue. However, the fluorescence efficiency data shows that the IBAS can be populated (excited states)
by the 257nm radiation. The data is also consistent with previous [1] photoelectron spectroscopy studies that indicate Cs migration to the surface under 257nm UV irradiation. The combination of IBAS and the work function decrease due to Cs migration can explain the photoemission at light energy less than the bandgap of CsBr. In addition, the proposed model is also consistent with the changes in light transmission with illumination observed in the CsBr films and the photoelectron spectra from the valence band of CsBr. Finally, it must be remarked that the CsBr films are very robust and can be rejuvenated by the 257nm radiation after been exposed to contaminants in a relatively high pressure environment (~1E-8 torr). Fig. 1. A) Schematic of the experimental arrangement in the SDT system at SSRL to study light transmission in CsBr films. B) Correlation between the CsBr film absorption (transmitted light) and incident laser power. The observed behavior is consistent with the formation of intrabandgap absorption sites by the UV irradiation. C) Observed correlation between the CsBr photoelectron yield (nA/mW top trace) and the normalized light transmission (A.U. bottom trace) for several incident laser powers (mW) shown in parenthesis. The photoelectron yield increases when more light is absorbed in the film, consistent with intrabandgap absorption site formation. The photoelectron yield data was averaged to reduce system noise.
Figure Captions

Fig. 2. A)
The main components of the SDT system optics and electronics. The photocathode sample is shown in the transmission mode. B) Reflection and C) Transmission modes of operation studied in the SDT system. 
